In the face of biomechanical stress, the heart develops compensatory hypertrophy, the hallmark of which is an increase in the size of cardiomyocytes. Over time, these hypertrophic changes become maladaptive, resulting in decreased contractile performance, cardiomyocyte loss, and, ultimately, heart failure (16) . These changes in cardiomyocyte phenotype are linked to pathological changes in cardiomyocyte gene expression (24) . Calcium, in conjunction with the calcium-binding protein calmodulin (CaM) , is a critical mediator of hypertrophy signaling. Ca/CaM activates the phosphatase calcineurin (CN), leading to nuclear accumulation and the activation of the transcription factor nuclear factor of activated T cells (NFAT). The activation of the CN-NFAT pathway is necessary and sufficient for cardiomyocyte hypertrophy (25, 40) . The transcription factor myocyte enhancer factor 2 (Mef2) is a second major target of Ca/CaM signaling (29) , and Mef2 is a crucial regulator of cardiomyocyte growth (42, 44) . Both NFAT and Mef2 regulate cardiac gene expression in collaboration with Gata4, another key regulator of cardiac hypertrophy (4, 21, 28) . miRNAs are a recently discovered class of small (ϳ22-nucleotide) RNAs that regulate gene expression through effects on the stability and translation of mRNA transcripts (1) . miRNAs negatively regulate target mRNAs through sequence-specific interactions between a "seed sequence" at the 5Ј end of the miRNA and a "seed match" sequence in the 3Ј untranslated region (UTR) of the target mRNA (20) . miRNA expression is altered in human heart failure (12, 35, 39) , and specific miRNAs have been linked to cardiac development and function (38) . Among these are microRNA-1 (miR-1), a microRNA selectively expressed in striated muscle, including the heart (2, 19) .
Here, we show that miR-1 is downregulated in a murine heart failure model. Reduced levels of miR-1 expression were associated with broad alterations in the expression of predicted target genes. miR-1 negatively regulated the expression of the key calcium-signaling components CaM and Mef2a. miR-1 attenuated calcium-dependent signaling through the CN-NFAT pathway. Consistent with these effects on gene expression and calcium signaling, miR-1 reduced cardiomyocyte hypertrophy in both cultured neonatal rat cardiomyocytes and the intact adult heart.
MATERIALS AND METHODS
Mice. MHC␣-CN mice were a gift from Jeffery Molkentin (25) . The mice were maintained by crossing transgenic males with B6C3F1 females (Charles River Labs). Samples were collected from males at 2 months of age unless otherwise noted. Intramyocardial adenoviral injections were performed in FVB/N mice (Charles River Labs) under ultrasound guidance (Visualsonic Vevo 770). Mice were anesthetized with 2% isoflurane and injected via a 30-gauge needle with adenovirus (2 ϫ 10 9 infectious units/40 l, divided equally between four independent locations). One week after injection, osmotic minipumps (catalog num-ber 2002; Alzet) containing either isoproterenol (ISO) (30 mg/kg of body weight/ day) or vehicle were implanted subcutaneously. Two weeks after implantation, mice were sacrificed, and cardiomyocytes were dissociated by retrograde collagenase perfusion (5) . Cells were fixed and stained with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside). The area of X-Gal-stained cardiomyocytes was measured by a blinded observer from digital images using a StereoInvestigator apparatus (MBF BioSciences). All procedures with animals were performed under protocols approved by the Institutional Animal Care and Use Committee.
Tissue culture. P19CL6 cells were cultured and induced to undergo cardiac differentiation as described previously (10) . Neonatal rat ventricular cardiomyocytes (NRVMs) were prepared as described previously (30) and transferred into serum-free medium on the day after isolation (day 1). Adenovirus was added on day 1. Agonist stimulation (100 nM endothelin-1 [ET-1] or 1 M ISO) was performed on day 3. NFAT-luciferase and NFAT nuclear localization assays were performed on day 4, and cell size measurements were performed on day 5. NFAT-luciferase was delivered by adenovirus and normalized to total protein in cell lysates using a previously described NFAT-luciferase reporter adenovirus (40) . This construct contains 9 NFAT sites upstream of a minimal promoter, followed by luciferase. For measurements of cell size, NRVMs were stained with antiactinin antibody (Sigma) and DAPI (4Ј,6Ј-diamidino-2-phenylindole). Over 200 cells from randomly acquired images were examined by a blinded observer. Experiments were reproduced two to three times.
Gene expression measurement. miRNA expression profiles were obtained using a liquid bead array as previously described (23) . We applied a global normalization strategy using locally weighted smooth-spline curve fitting for all miRNAs detected (33) . In brief, we evenly divided the distribution of bead intensities into three groups. Sample normalization was performed by curve fitting within each intensity range. To identify the overall similarity of miRNA profiles between groups, we used unsupervised hierarchical clustering with the complete linkage algorithm for both samples and features, using the 59 expressed miRNAs (see Table S1 in the supplemental material) and the Pearson correlation coefficient as a similarity measure. miRNA target genes were predicted by miRANDA or TargetScanS, version 2.1 (14, 20) . mRNA expression profiling was performed using Affymetrix GeneChip 430 v2.0 microarrays as described previously (4).
Quantitative reverse transcription-PCR (qRT-PCR) was performed as described previously (4) . Primer sequences or sources for qRT-PCR assays are listed in Table S1 in the supplemental material. Gene expression was normalized to U6 or GAPDH (glyceraldehyde-3-phosphate dehydrogenase) for miRNAs and mRNAs, respectively. The miR-133a/b qRT-PCR assay did not distinguish between miR-133a and miR-133b, and the miR-30b/c assay did not distinguish between miR-30b and -30c and did not detect miR-30a, -30d, and -30e (data not shown). Northern blotting was performed as described previously (11) , with ExpressHyb (Clontech) as the hybridization buffer.
Western blotting was performed using antibodies for CaM (1:1,000; Upstate), Gata4 (SC-1237; Santa Cruz), Mef2a (a gift from M. Greenberg), and GAPDH (1:5,000; Research Diagnostics). Protein expression was normalized to GAPDH expression. miRNA expression, knockdown, and sensing. For miRNA expression, pcDNA6.2-GW/EmGFP-miR (Invitrogen) was modified by replacing emerald green fluorescent protein (GFP) with LacZ. A genomic fragment containing the miR-1 precursor was PCR amplified and cloned downstream of LacZ using primers described previously (7) . Two nucleotide substitutions were introduced by PCR mutagenesis to yield miR-1mut. Adenoviral DNA was generated by recombinase-mediated transfer into pAd/CMV/V5-Dest (Invitrogen) using the Gateway cloning system. Adenovirus was produced by transfection into QBI293 cells (HEK293 subline; MP Biomedicals) and purified on cesium chloride gradients. Adenovirus was used at a multiplicity of infection of 10 to 100. At this dose, virtually all cardiomyocytes (Ͼ95%) were transduced. Antagomirs were purchased from Dharmacon. Primer sequences are shown in Table S1 in the supplemental material.
miRNA sensors were constructed from pMIR-Report (Ambion). 3Ј UTRs of Calm1, Calm2, and Mef2a or the perfect-match sequence of miR-1 (miR-1 pm) or miR-208 pm were cloned using the PCR primers indicated in Table S1 in the supplemental material. Luciferase assays were performed by cotransfection of miRNA expression, miRNA sensor, and pRL-TK (Promega) internal control plasmid into QBI293 cells. Dual-luciferase assays (Promega) were performed. At least four biological replicates were performed, and results were independently reproduced two to three times.
Statistics. Unless otherwise indicated, two group comparisons were performed by Welch's t test using JMP software v.5.1 (Cary, NC). The false-discovery rate of each miRNA was calculated using the Significance Analysis of Microarrays package (34) . For Affymetrix transcriptome data, we use the MAS5 summary algorithm and linear scaling to median intensity. Probe sets below the detection threshold across all the samples were excluded from further analysis. Remaining probe sets representing the same RefSeq transcript ID were averaged. Error bars indicate standard errors of the means.
Microarray data accession number. Gene expression and miRNA expression data were submitted to the Gene Expression Omnibus (http://www.ncbi.nlm.nih .gov/geo/) under accession number GSE13874.
RESULTS

Downregulation of cardiomyocyte-enriched miRNAs.
To measure miRNA expression changes in murine heart failure, we profiled miRNA expression in 2-month-old MHC␣-CN and nontransgenic (NTg) control hearts. MHC␣-CN mice develop marked cardiac hypertrophy by 1 month of age and severe systolic dysfunction by 2 months (22) . Out of 261 miRNAs represented in the array, 59 were detectably expressed ( Fig.  1A ; see Table S2 in the supplemental material). Unsupervised clustering based on expression profiles segregated mice by genotype (Fig. 1A) , indicating a systematic alteration of miRNA expression. Although some miRNAs tended toward increased expression, these did not reach statistical significance (see Table S2 in the supplemental material). Seven miRNAs belonging to six miRNA families were significantly downregulated (P Ͻ 0.05 by uncorrected Welch's t test; falsediscovery rate of Ͻ 0.001) ( Table 1 ). The cardiac-enriched miRNAs miR-1, miR-208, and miR-133b were downregulated. The other miR-133 family member, miR-133a, tended to have significant downregulation (P ϭ 0.051). Within the miR-30-5p family, all five members were either significantly downregulated (30b, 30e-5p, and 30d) (P Ͻ 0.05) or tended to have significant downregulation (30c and 30a-5p) (P Ͻ 0.07). These results were validated by qRT-PCR (Table 1) .
Heart failure is accompanied by significant myocardial fibrosis (see Fig. S1a and S1b in the supplemental material) and a decreased proportion of cardiomyocytes to nonmyocytes. In principle, decreased myocardial miRNA expression levels could be due to decreased levels of expression in cardiomyocytes and/or to the dilution of cardiomyocytes by nonmyocytes. To distinguish these possibilities, we fractionated the adult heart into nonmyocyte and cardiomyocyte populations (greater than 90% pure) (see Fig. S1c in the supplemental material) by collagenase perfusion and differential centrifugation. Of the six miRNAs differentially expressed in myocardial tissue, four were substantially enriched in cardiomyocytes (miR-1, miR133a/b, miR-30b/c, and miR-208), and two were not (miR-126 and miR-335) (Fig. 1B) . The four cardiomyocyte-enriched miRNAs showed significantly decreased levels of expression in MHC␣-CN compared to NTg cardiomyocytes ( Fig. 1C ) (P Ͻ 0.05), while the two miRNAs with less enrichment in cardiomyocytes were downregulated in noncardiomyocytes and unchanged in cardiomyocytes (data not shown).
In failing cardiomyocytes, mRNA expression becomes more similar to that of fetal cardiomyocytes (13) . To determine if this generalization also applies to miRNAs, we measured the level of cardiomyocyte-enriched miRNAs at several developmental time points (embryonic days 12.5 and 16.5, postnatal days 0 and 14, and 2 months). In each case, miRNA expression levels increased through fetal and perinatal development and into adulthood (see Fig. S2 in the supplemental material) and decreased in heart failure. Thus, miRNA expression in the failing hearts indeed changed to become more similar to the fetal miRNA expression pattern.
Global changes in mRNA abundance reflect altered miRNA expression. miRNAs influence both mRNA stability and translation. An altered expression of miRNAs during developmental processes was reflected in corresponding changes in the transcriptome (9) . Consequently, we hypothesized that the downregulation of cardiomyocyte-enriched miRNAs would be associated with an upregulation of predicted mRNA targets at a frequency greater than expected by chance. To test this hypothesis, we obtained genome-wide measurements of mRNA levels in MHC␣-CN and NTg hearts. Target genes of miR-1, miR-30, and miR-133 were predicted by conservation of their target regulatory sequences in the 3Ј UTRs of four to five vertebrate species (TargetScanS algorithm) (20) . miR-208 predictions were not available for this algorithm. In the whole transcriptome, out of 12,902 detectable genes, 2,101 (16%) were upregulated at a significance threshold of a P value of Ͻ0.005 (Welch's t test). In comparison, out of 208 predicted miR-1 targets with detectable expression, 62 (30%) were upregulated (see Tables S3 and S4 a random sampling of all detectable genes is 9.3 ϫ 10 Ϫ7 (Fisher's exact test) ( Fig. 2A) . miR-30 and miR-133 targets were also upregulated at frequencies unlikely to occur by chance ( Fig. 2A; see Tables S3 and S4 in the supplemental material). These results were not sensitive to the specific significance threshold used to identify upregulated genes (see Table S4 in the supplemental material).
To examine the relationship between miR-1, -30, -133, and transcript abundance and the expression of target mRNAs in an independent system, we studied the multipotent embryonal carcinoma cell line P19CL6. This cell line inducibly differentiates into beating cardiomyocytes (10) following a reproducible time course that includes the upregulation of the cardiac transcription factors Gata4 and Nkx2-5 (Fig. 2B) . miR-1 and -133 were highly upregulated between days 6 and 10 of differentiation (Fig. 2B) . The upregulation of miR-1 and -133 was associated with a disproportionate downregulation of predicted target genes between days 6 and 10 (Fig. 2C) . The expression of miR-30b/c was not as dynamic during P19CL6 differentiation (twofold upregulation between days 6 and 10) (Fig. 2B ). This change in miR-30b/c was associated with a trend toward a disproportionate downregulation of predicted miR-30 targets (P ϭ 0.058) (Fig. 2C ). Taken together, the negative relationship between miRNA level and target gene abundance in two independent systems indicates that these miRNAs broadly influence transcript abundance. These analyses do not address translational regulation, and thus, the effect of altered miRNA levels on gene expression in heart failure is likely to be even more pervasive.
miR-1 attenuates cardiomyocyte hypertrophy in vitro and in vivo. To investigate the function of miRNAs in the adult heart, we focused on miR-1, the most highly expressed cardiac-enriched miRNA (2, 12, 19) . We generated a plasmid (pcDNAmiR-1) and an adenovirus (Ad:miR-1) that express miR-1 cocistronic with LacZ (Fig. 3A) . We also generated two parallel negative control plasmids (pcDNA-empty and pcDNA-miR1mut) and adenoviruses (Ad:empty and Ad:miR-1mut). Ad: empty is the same as Ad:miR-1 except for the omission of miR-1 sequences. Ad:miR-1mut is identical to Ad:miR-1 except for two nucleotides within the critical seed sequence. The expression constructs and corresponding adenoviruses were characterized in HEK293 cells and NRVMs, respectively (Fig.  3A) . Northern blotting demonstrated that pcDNA-miR-1 and Ad:miR-1 appropriately expressed mature microRNA, with Ad:miR-1 increasing miR-1 levels in NRVMs to approximately 500% of endogenous levels. On the other hand, the miR-1 mutant construct did not efficiently express miR-1mut (Fig.  3A) , which is likely due to alterations of the stem-loop structure that impaired miRNA biogenesis. Nevertheless, we retained this construct as a second negative control.
To validate the biological effectiveness of the miR-1 expression construct, we measured miR-1 activity with a "miR-1 pm sensor" composed of a luciferase reporter containing the reverse complement of miR-1 in its 3Ј UTR (Fig. 3B) . As anticipated, miR-1, but not miR-1mut or empty, constructs strongly suppressed the activity of the miR-1 pm sensor (Fig. 3B) . The effect was specific to the miR-1 sensor, as there was no effect on the activity of a sensor containing a perfect match for an unrelated miRNA (miR-208; "miR-208 pm sensor") ( Fig. 3B) .
We then asked whether the overexpression of miR-1 alters the hypertrophy of NRVMs in response to stimulation with the hypertrophic agonists ET-1 and ISO. miR-1 overexpression reduced the basal size of NRVMs compared to controls (Fig.  3C) . Stimulation with either ET-1 or ISO increased NRVM size in the control groups, but this response was abolished by miR-1 overexpression. This result indicated that miR-1 is a negative regulator of cardiomyocyte hypertrophy.
Cardiomyocyte hypertrophy is associated with the activation of a fetal gene program, including Nppa, Nppb, and Acta1 (skeletal ␣-actin) (13) . To determine the effect of miR-1 overexpression on this process, we measured the levels of expression of these genes in ET-1-stimulated NRVMs treated with Ad:miR-1 or control adenoviruses. Ad:miR-1 attenuated the expression of Nppa, Nppb, and Acta1 in NRVM stimulated with ET-1 (see Fig. S3 in the supplemental material), consistent with negative regulation of cardiomyocyte hypertrophy by miR-1.
To further establish a role for miR-1 in the regulation of cardiomyocyte growth, we used a loss-of-function approach. Cholesterol-linked RNA oligonucleotide ("antagomir") (18) directed against miR-1 (Antag:miR-1) was effective in antagonizing miR-1 activity in NRVMs, as shown by the markedly diminished inhibition (upregulation) of the miR-1 pm reporter (Fig. 3D) . The inhibitory activity of Antag:miR-1 was sequence specific, as it did not inhibit miR-208 activity (Fig. 3D) .
We then asked if miR-1 loss of function altered NRVM cell size at baseline or after treatment with a hypertrophic agonist. NRVMs were cultured in the presence of Antag: miR-1 or Antag:GFP, and cell size was measured after treatment with vehicle (phosphate-buffered saline; baseline condition) or with ET-1. At both baseline and after ET-1 stimulation, NRVM size was significantly increased by an miR-1 loss of function (Fig. 3E) . These data further indicate that miR-1 is an important regulator of cardiomyocyte hypertrophy. a The level of miRNA expression was measured in MHC␣-CN and NTg myocardium using a liquid bead array. The mean expression level was compared by Welch's t test. In each case, the false-discovery rate was less than 5%. In selected cases, we independently measured gene expression levels in the same samples by qRT-PCR. Seven miRNAs in six families were differentially expressed. Relative expression indicates the ratio of expression in mutant compared to NTg myocardia. NS, not significant.
b The qRT-PCR assay measured both miR-30b and -30c and did not detect miR-30a, -30d, or -30e.
c The qRT-PCR assay measured both miR-133a and miR-133b.
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To address the effect of miR-1 on the hypertrophy of adult cardiomyocytes in vivo, we used adenoviral gene transfer to overexpress miR-1 in adult hearts. Under ultrasound guidance, we injected Ad:miR-1 or Ad:miR-1mut into the left ventricular wall (Fig. 4A ). The injected mice were then treated with ISO or vehicle. After 2 weeks, cardiomyocytes were dissociated from hearts by collagenase perfusion. About 10% of dissociated cardiomyocytes were infected by Ad:miR-1 or Ad:miR1mut, as determined by staining for LacZ (Fig. 4B) . At baseline, LacZ ϩ cardiomyocytes did not differ in size between the Ad:miR-1 and Ad:miR-1mut groups (Fig. 4C) . However, Ad: miR-1 significantly blocked cardiomyocyte hypertrophy in response to chronic ISO infusion (Fig. 4C) . Thus, miR-1 antagonizes ISO-induced cardiomyocyte hypertrophy in intact adult hearts as well as in NRVMs.
miR-1 negatively regulates CaM and Ca/CaM-CN-NFAT signaling. To identify mRNA targets of miR-1 that mediate the effect of miR-1 on cardiomyocyte hypertrophy, we used computational algorithms to find genes containing evolutionarily conserved miR-1 seed match sequences in their 3Ј UTRs (3, 17, 20) . Two interesting candidates were the CaM-encoding genes Calm1 and Calm2. In mammals, three separate genes (Calm1 to Calm3) encode identical CaM proteins and differ in their UTRs (36) . In heart, Calm1 and Calm2 comprise 88% of CaM-encoding transcripts, as determined by sequence-based counting of transcript tag sequences (15) . Both contain highly conserved miR-1 seed match sequences in their 3Ј UTRs (Fig.  5A) . When cloned downstream of luciferase, these sequences mediated the downregulation of luciferase activity by miR-1 (Fig. 5B) .
miR-1 was downregulated in MHC␣-CN mice. Therefore, we asked if Calm1 and Calm2 were upregulated, consistent with a role of miR-1 in regulating these genes in vivo. By immunoblotting, CaM expression was upregulated threefold in 2-month-old MHC␣-CN mice compared to NTg littermates (Fig. 5C ). The regulation of CaM occurred posttranscriptionally, as Calm1, Calm2, and Calm3 mRNA levels were not significantly changed in MHC␣-CN mice (Fig. 5D ).
FIG. 2. miRNAs broadly influence gene expression. (A) mRNA abundance in NTg and MHC␣-CN hearts was measured by Affymetrix microarrays (n ϭ 4)
. Genes were grouped into four sets: all genes with detectable expression levels, miR-1 targets, miR-30 targets, and miR-133 targets. Target genes were predicted by TargetScanS. For each set, the percentage of upregulated (P Ͻ 0.005) genes was calculated. The likelihood that a randomly selected subset of all genes would yield a fraction of upregulated genes equal to or greater than the upregulated fraction in miRNA target sets was calculated by Fisher's exact test. This value is displayed within each bar. (B) Cardiomyocyte differentiation in P19CL6 cells was associated with a marked upregulation of miR-1, -133, and -208 expression. miR-30b/c showed a less-dynamic range of expression. Expression was displayed relative to day 10, which was defined as 1. (C) Affymetrix microarrays (n ϭ 3) were used to measure mRNA levels at days 6 and 10 of P19CL6 differentiation. Downregulated genes (P Ͻ 0.05) were identified by Welch's t test. Predicted targets of miR-1 and -133 were disproportionately downregulated at a frequency unlikely to occur by chance (numbers within bars, Fisher's exact test). 
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To further test the hypothesis that miR-1 directly downregulates CaM expression, we measured CaM levels in NRVMs after a gain or loss of function of miR-1. Adenoviral overexpression of miR-1 significantly downregulated the CaM protein (Fig. 5E ). miR-1 overexpression did not affect Calm1 mRNA abundance and weakly reduced Calm2 mRNA levels, suggesting that the effect was largely at the level of translation (Fig. 5F ). Calm3 mRNA was upregulated with miR-1 overexpression, potentially as a compensatory response to CaM downregulation. Conversely, antagomir knockdown of miR-1 upregulated CaM (Fig. 5G) . Collectively, these data indicate that miR-1 negatively regulates CaM.
Given the crucial role of Ca/CaM signaling in cardiomyocyte hypertrophy, we hypothesized that miR-1 antagonizes cardiomyocyte hypertrophy by inhibiting the signaling of Ca/CaMdependent signaling pathways. Ca/CaM binds to and activates the phosphatase CN, which dephosphorylates the transcription factor NFAT and thereby promotes its nuclear translocation. NFAT activation by Ca/CaM-CN is essential for cardiomyocyte hypertrophy (25) . Therefore, we asked if miR-1 negatively regulates NFAT signaling. Adenoviral miR-1 overexpression inhibited an NFAT-dependent luciferase reporter in NRVMs both at baseline and after stimulation with ET-1 (Fig. 6A) . On the other hand, the reduction of miR-1 activity by antagomir treatment increased NFAT-dependent reporter activity (Fig. 6B) .
miR-1 negatively regulates Mef2a and Gata4. The transcription factor Mef2 is an important regulator of cardiomyocyte hypertrophy downstream of Ca/CaM (29) . Mef2a has two conserved miR-1 recognition sequences in its 3Ј UTR (Fig.  7A) . These sequences conferred miR-1 responsiveness to a luciferase reporter (Fig. 7B) . The Mef2a protein was upregulated in MHC␣-CN mice, consistent with miR-1 downregulation in this model (Fig. 7C) . miR-1 overexpression in NRVMs decreased levels of the Mef2a protein (Fig. 7D) . Mef2a mRNA was downregulated by miR-1 overexpression, suggesting that miR-1 decreased Mef2a transcript stability (Fig. 7E) . On the other hand, miR-1 knockdown in NRVMs increased Mef2a protein levels (Fig. 7F) . Collectively, these constructs did not efficiently express the mutated sequence. (B) Measurement of microRNA activity with a luciferase reporter. An assay sequence of interest was positioned downstream of luciferase. miRNA activity at the assay sequence reduced luciferase activity. To measure miR-1 activity, we used the reverse complement of miR-1 (1pm). The reverse complement of miR-208 was the negative control (208pm). Luciferase activity was normalized to activity for the cotransfected internal control (pRL-TK). For each luciferase sensor, normalized luciferase activity in the presence of the empty expression plasmid was assigned a value of 1. In cardiomyocytes, NFAT and Mef2a cooperate with the transcription factor Gata4 to activate hypertrophic gene expression (25) . The level of the Gata4 protein was increased in MHC␣-CN mice (Fig. 7C) . miR-1 overexpression in NRVMs decreased levels of the Gata4 protein compared to controls (Fig. 7D) , and miR-1 knockdown increased Gata4 protein levels (Fig. 7F) . Interestingly, the Gata4 mRNA level was unchanged (Fig. 7E) , suggesting that Gata4 is regulated posttranscriptionally downstream of miR-1. Gata4 lacks predicted miR-1 recognition sequences, leading us to hypothesize that the miR-1 regulation of Gata4 is indirect.
DISCUSSION
microRNAs are emerging as powerful regulators of gene expression and cellular phenotype. We found that the expression of multiple cardiac-enriched miRNAs was downregulated in a murine heart failure model. Altered expression of these miRNAs had a pervasive effect on the cardiac transcriptome and likely has a greater effect on the proteome. The cardiacenriched microRNA miR-1 negatively regulated cardiac hypertrophy by downregulating the expression of CaM, Gata4, and Mef2a, key mediators of calcium-dependent signaling (Fig. 8) .
Altered expression of miRNAs in heart failure. In a heart failure model induced by the transgenic expression of activated CN, we observed the downregulation of the cardiac-enriched miRNAs miR-1, miR-133, miR-30b, and miR-208. Altered expression of these miRNAs has been observed in some, but not all, studies of miRNA expression in murine and human heart failure (see Table S5 in the supplemental material). miR-1 expression has been found to be upregulated, downregulated, and unchanged in heart disease (6, 8, 12, 31, 35, 39, 43) . The divergent results likely reflect differences in disease models, myocardial regions sampled, assay platforms, normalization methods, control samples, and statistical analyses. In this study, we validated high-throughput data with qRT-PCR from both myocardium and purified cardiomyocyte samples, where we found that expression differences were more robust for cardiomyocyte-enriched miRNAs. We also demonstrated for the first time that miR-1, miR-133, miR-30b, and miR-208 are highly enriched in the cardiomyocyte fraction of the myocardium.
miR-1, miR-133, miR-30b, and miR-208 are each highly upregulated from fetal to newborn stages and again in early postnatal life between 2 and 14 days of life (see Fig. S2 in the supplemental material). In our heart failure model, each of these miRNAs was downregulated, suggesting a return to a more-fetal expression profile. This is reminiscent of the activation of the mRNA "fetal gene program" in the failing heart and is perhaps driven by an overlapping transcriptional program.
miR-1 attenuates cardiomyocyte hypertrophy. While the developmental functions of miR-1 were previously highlighted (45, 46) , the upregulation of miR-1 to substantial levels in the postnatal heart suggested an important function in the regulation of postnatal heart function. Consistent with this hypothesis, miR-1 attenuated cardiomyocyte hypertrophy. Our data are consistent with and significantly expand on prior work describing an antihypertrophic activity of miR-1 (6, 31) . First, we use both gain-and loss-of-function approaches to support this conclusion, avoiding limitations inherent to either approach alone. Second, we show that miR-1 attenuates cardiomyocyte hypertrophy in adult cardiomyocytes in the intact heart in addition to cultured neonatal cardiomyocytes. Third, we have identified key genes downstream of miR-1 that contribute to its regulation of cardiomyocyte growth. miR-1 overexpression decreased the size of cultured NRVMs both at baseline and after hypertrophic stimulation. In adult cardiomyocytes, miR-1 overexpression in vivo attenuated agonistinduced cardiomyocyte hypertrophy but did not significantly decrease cardiomyocyte size at baseline. This difference might be due to the approximately threefold increase in levels of miR-1 expression between neonatal and adult hearts. As a result, Ad: miR-1 drove a relatively smaller increase in miR-1 expression levels in adult compared to neonatal cardiomyocytes. Along the same lines, it is possible that the baseline effect of miR-1 is saturated in adult cardiomyocytes so that forced expression has little additional effect. Nevertheless, the observed difference in adult cardiomyocyte size under conditions of hypertrophic stimulation indicates that miR-1 continues to regulate cardiomyocyte hypertrophy in the adult heart. miR-1 negatively regulates the calcium signaling pathway components CaM and Mef2a. Calcium is a central regulator of cardiomyocyte function and growth. CaM is a crucial mediator of calcium signaling. Importantly, nearly all CaM in the cardiomyocyte is protein bound, indicating that CaM levels are limiting (41) . Consistent with this, CaM transgenic mice with three-to fivefold-increased cardiac CaM levels develop severe cardiomyocyte hypertrophy and heart failure (27) . This level of CaM upregulation is in the same range as what we observed for genes (Calm1 to Calm3) encode the identical protein. Each Calm isoform has distinct untranslated regions, which may allow the isoforms to be differentially regulated by posttranscriptional mechanisms (36) . Calm1 and Calm2, the two isoforms that comprise the great majority of CaM-encoding transcripts in the heart, have highly conserved miR-1 recognition sequences in their 3Ј UTRs. Both gain-and loss-of-function approaches demonstrated that miR-1 negatively regulates CaM levels. Collectively, our data indicate that CaM is posttranscriptionally regulated and that this is mediated by sequence-specific interactions between miR-1 and target sequences within the Calm1 and Calm2 3Ј UTRs. Other miRNAs may also contribute to the posttranscriptional regulation of Calm1 or Calm2. For instance, Calm1 contains a conserved binding site for miR-133. The CN-NFAT signaling pathway is a key signaling pathway downstream of Ca/CaM. NFAT acts in collaboration with Gata4 to initiate transcriptional changes that are essential for cardiomyocyte hypertrophy (25) . Consistent with the decreased availability of CaM with miR-1 overexpression, the activity of this pathway was attenuated by miR-1 (Fig. 8) . In addition, miR-1 indirectly downregulated Gata4, which collaborates with NFATs to regulate cardiomyocyte hypertrophy (25) . Thus, the miR-1 downregulation of Gata4 provides a second means by which miR-1 inhibits the activation of this prohypertrophic calcium signaling pathway.
The transcription factor Mef2 is another important mediator of the prohypertrophic effects of increased Ca/CaM signaling. Ca/CaM signaling activated Mef2 transcriptional activity, largely through Ca/CaM-dependent protein kinase (CaMK) (29) . Ca/CaM-dependent signaling through CN also likely regulates Mef2 transcriptional activity (29) , and dominant negative Mef2 also blocked ventricular dilatation and systolic dysfunction in MHC␣-CN mice (37) . Mef2A overexpression is sufficient to induce cardiac hypertrophy (42) , and dominant negative inhibition of Mef2 signaling blocked cardiomyocyte hypertrophy (44) . Collectively, these data indicate that Ca/CaM signaling regulates Mef2 activity and that Mef2 is a key regulator of cardiomyocyte hypertrophy. Consistent with a recent report for Caenorhabditis elegans Mef2 (32), we found that miR-1 negatively regulates Mef2a expression. Thus, our data suggest that miR-1 antagonizes Mef2a activity at three levels (Fig. 8) . First, miR-1 decreases the level of expression of Mef2a. Second, miR-1 may reduce the Ca/CaM-dependent activation of Mef2a. Third, miR-1 downregulates Gata4, which physically interacts with Mef2 to regulate a subset of cardiac genes (26) .
In summary, this study provides insights into the mechanisms by which miR-1 attenuates cardiomyocyte hypertrophy. miR-1 negatively regulates CaM, Mef2a, and Gata4, key components of calcium signaling pathways that are necessary for agonist-induced cardiomyocyte hypertrophy. ACKNOWLEDGMENTS S.I. was supported by an AHA fellowship. This work was supported by NIH grant PO1 HL074734 and by a charitable donation from Edward P. Marram and Karen K. Carpenter. FIG. 8 . miR-1 inhibits calcium-dependent signaling at multiple levels. Cardiac hypertrophy is regulated by calcium, which complexes with CaM to activate CN-NFAT and calcium-CaMK-Mef2 transcriptional pathways. Both of these pathways are stimulated by protein-protein interactions with Gata4. At baseline, miR-1 attenuates cardiomyocyte hypertrophy by downregulating the expression of CaM, Mef2, and Gata4. In heart failure, miR-1 expression is downregulated. This favors increased levels of expression of Gata4, Mef2a, and CaM. Increased levels of CaM augment Ca/CaM signaling through CN-NFAT (Fig. 6 ) and potentially also through CaMK. This results in an increased level of transcription of genes downstream of NFAT, Gata4, and Mef2a, promoting cardiac hypertrophy. The dotted line indicates indirect regulation.
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